INTRODUCTION
S nake envenomation is still a health problem worldwide, especially in tropical countries. It has been estimated that global mortality from snake envenomation is up to 100,000 per year. In many cases, survivors are left with chronic functional disability from the necrotic effects of the venom, resulting in chronic ulceration, chronic renal failure, and neurological sequelae from intracranial hemorrhages and thromboses or even amputation. [1] [2] [3] [4] Snake venoms contain complex mixtures that consist of several toxic proteins with diverse biological activities. Venom from the Thai cobra Naja kaouthia contains paralytic "neurotoxin" activity, which acts on nicotinic acetylcholine receptors; cytolytic "cardiotoxin" activity, which acts on cell membranes, as well as phospholipase; and D-amino acid oxidase activities. [5] [6] [7] α-Cobratoxin (Cbtx), a member of the long α-neurotoxin family, is obtained from the venom of Naja kaouthia (previously called Naja naja siamensis). Cbtx has 71 amino acid residues and 5 disulfide bridges. 8 It consists of 3 finger-like loops: loops I, II, and III. It blocks nerve transmission by binding to the acetylcholine receptor (AChR) on the postsynaptic membranes of skeletal muscle and/or neurons, causing paralysis by preventing acetylcholine binding to the nicotinic acetylcholine receptor (nAChR). 9 nAChR mediates excitatory transmission at the neuromuscular junction and in the central and peripheral nervous systems. The soluble acetylcholine-binding protein (AChBP) from the freshwater snail Lymnaea stagnalis (Ls) is a structural homologue of the extracellular ligandbinding domain of muscle-type and neuronal nAChRs. 10, 11 Recently, the nuclear magnetic resonance (NMR) structure of Cbtx and the crystal structure of a Cbtx-AChBP complex (1YI5) have been reported. [12] [13] [14] Since this initial discovery, the AChBP molecule has been identified in the marine species Aplysia californica (Ac) and the freshwater species Bolinus truncatus (Bt). 15, 16 The Thai cobra, N. kaouthia, is the most dangerous cobra in Thailand. It can be found in almost every part of the country. Currently, cobra envenomation is a serious problem for Thai farmers. The only remedy for a cobra bite is a monospecific antivenom produced by the Queen Saovabha Memorial Institute and the Thai Red Cross Society. The horse antivenom against N. kaouthia is very difficult to produce, expensive, and in short supply. Only 20% of the horses immunized with Thai cobra venom produce adequate neutralizing activity for antivenom production. Furthermore, the neutralizing activity considered adequate is in fact quite low.
Virtual screening has been widely used to discover new lead compounds for drug design. 17 Successful studies have resulted in the discovery of molecules either resembling the native ligands of the specific targets or novel leads. Therefore, this study aimed to find a novel antidote of cobra venom by preventing α-cobratoxin from binding to the nicotinic acetylcholine receptor. The findings can aid in the development of new therapeutic treatment of snakebite in Thailand.
MATERIALS AND METHODS

Materials
Lyophilized N. kaouthia venom was provided by the Queen Saovabha Memorial Institute and the Thai Red Cross Society (Bangkok, Thailand). Binding protein was provided by the Skaggs School of Pharmacy and Pharmaceutical Sciences at the University of California, San Diego. Antimouse scintillation proximity assay (SPA) was purchased from Amersham Biosciences (Piscataway, NJ). All other chemicals were of reagent grade and purchased from Sigma (St. Louis, MO). ICR mice were purchased from the National Laboratory Animal Center at Mahidol University (Salaya, Thailand). The tested 4 hits from virtual Screening were from the National Cancer Institute (NCI; http://dtp.nci.nih.gov).
Target preparation
A search for α-cobratoxin structures found 3 entries in the Protein Data Bank (PDB). 18 Ser182-Tyr192 of AChBP from 1YI5 was selected to be the positive control because it is a contiguous peptide near the acetylcholine binding site. It was designed to have 9 rotatable bonds from the side chain single bonds of the residues and was redocked to validate the prepared α-cobratoxin active binding sites.
NCI diversity set
The NCI diversity set is a reduced set of 1990 compounds selected from the original NCI-3D structural database for their unique pharmacophores. 21 All hydrogens were added and Gasteiger charges were assigned. 22 Then the nonpolar hydrogens were merged. The rotatable bonds were assigned via AutoTors. 23
Molecular docking
A virtual screening of the 1990 compounds was performed as per Figure 1 . The program AutoDock Version 3.0.5 23 from the Scripps Research Institute (La Jolla, CA) uses a Larmarckian genetic algorithm for docking flexible ligands into protein binding sites to explore the full range of ligand conformational flexibility with the rigid protein. The AutoDock run parameters used were as follows: for each compound in the library, the number of GA runs was 100, the population size was set to 150, and the maximum number of energy evaluations was increased to 10,000,000 per run. All other run parameters were kept at their default settings. The jobs were run on a 64-bit 576 processor LINUX cluster at the Scripps Research Institute. Final docked conformations were clustered using a tolerance of 2 Å root mean square deviation (RMSD). The lowest docking energy of the 100 dockings for each α-cobratoxin protein (1YI5, 1CTX, and 2CTX) was ranked. The top 175 compounds with the best docking energies of each protein were ranked and checked for consensus between the proteins and reduced to 77 compounds. The 77 compounds were further reduced to 19 compounds by selecting for ligand efficiency (LE) lower than -0.30 and with "drug-like" properties. 24, 25 For experimental testing, 20 additional compounds were included in the in vitro evaluation based on their low docking energy and high percent membership in the largest cluster. The total number of compounds in the binding study was 39 ( Table 1) .
Subsequently, 4 hits from the binding assay (see below) were docked with the AutoDock Version 4.1 program from the Scripps Research Institute. 26 The parameters were the same as AutoDock Version 3.0.5 but run on a 64-bit 576 processor LINUX cluster at the Scripps Research Institute. Four hits also docked with AChBP from 1YI5, and the dimensions of the grid were 90 × 80 × 80, with a spacing of 0.375 Å between the grid points. The grid box was centered on the coordinates 112.282 × 166.66 × 66.403. The results are shown in Table 2 .
Effect of hits on the binding of toxin
An adaptation of an SPA was employed to determine the apparent K d value. 27 AChBP (final concentration ~500 pM binding sites for Ls and Bt, ~1 nM binding sites for Ac), polyvinyltoluene anti-mouse SPA scintillation beads (0.1 mg/ml), monoclonal anti-FLAG M2 antibody from mouse, and competing ligand in a final volume of 100 µL. The data obtained were normalized, fit to a sigmoidal dose-response curve (variable slope), and the K d calculated from the observed EC 50 value using GraphPad Prism Version 4.02 for Windows (San Diego, CA).
Effect of hits against α-cobratoxin
Male ICR mice weighing 20 to 30 g were used for the determination of lethality of the α-cobratoxin and the effect of selected ligand docking hits against α-cobratoxin (C6903 from Sigma). The Cbtx solutions, in 0.1 mL of sterile water, were prepared for 9 concentrations (0.01, 0.1, 0.14, 0.17, 0.18, 0.2, 0.3, 0.4, and 0.5 mg/kg). Each concentration was injected intramuscularly (IM) to the mice. Six mice were used for each test dose. The control group was injected with only vehicle. The number of deaths occurring within 24 h was recorded and the LD 50 calculated from the plot between the concentration of venom and percent death. In the protocol using ligand hits as the protecting agent, the solutions of 3 hits, in 0.05 mL of 0.3% Tween-80, were prepared for 3 concentrations (1, 5, and 10 mg/ kg). Each concentration was injected into the mice intravenously (IV) at the tail vein. The control group was injected with only the vehicle, 0.3% Tween-80. After 30 min, 3LD 50 of Cbtx in 0.1 mL of sterile water was injected (IM) into the mice. In the protocol using hits as antitoxin treatment, α-cobratoxin was injected (IM) before the injection of hits (IV) at the 5-mg/kg dose. The number of deaths occurring within 24 h was recorded.
The results were expressed as the mean ± SEM of the number of animals used. Statistical comparisons were done using Student's unpaired t test, with a p value <0.05 indicating significance.
RESULTS AND DISCUSSION
Virtual screening and docking results
Molecular docking was carried out to investigate the docking energy and binding mode of compounds to Cbtx using AutoDock program Version 3.0.5. 23 Three bound Cbtx structures, 2 NMR structures (1LXG and 1LXH), and 1 crystal structure of a Cbtx-AChBP complex (1YI5) were available. The amino acid sequences of Cbtx and the binding site from the NMR structure 12 (1LXG and 1LXH) were the same as in the crystal structure (1YI5) but different in shape. The structures from NMR were short and fat, whereas the structure from the crystal was long and thin. The binding poses of both Cbtx and AChR in the NMR structure were considered dissimilar from the crystal structure. When comparing the poses of both the Cbtx and AChR unit between the NMR structure and crystal structure, the difference in the Cbtx binding poses (RMSD = 5.251 Å) was found to be more than that of AChR (RMSD = 2.665 Å). This resulted from the differences in the environment and the state of Cbtx (solution vs. solid crystal), as well as the difference in the AChR unit between both structures. The bound AChR units in NMR (1LXG and 1LXH) were only the 15-mer peptide from the alpha-1 subunit of AChR (residues 181-198), whereas the AChBP in crystal was composed of 5 subunits and Cbtx bound at the alpha-7 subunit.
The Cbtx from the Cbtx-AChBP complex (1YI5) is more relevant as the binding mode is from the contribution of all 5 subunits in AchR, and therefore it was selected to prepare the Cbtx template. Among 3 reported crystal structures 13, 19, 20 of the Cbtx from the Naja naja siamensis, 1CTX 19 and 2CTX 20 were unbound Cbtx crystals, and 1YI5 13 was a crystal structure of Cbtx bound to the pentameric AChBP. In the unbound Cbtx crystal structure, there were 71 ordered residues seen in the electron density, whereas the bound Cbtx crystal structure showed only 68 residues. These residues at the tip of Cbtx loop III did not contribute to interactions between Cbtx and the AChBP molecule, with their closest distance being 8 Å. Bourne et al. 13 state that this 67-71 stretch and residues within loop III weakly contribute to Cbtx binding. In this study, the cobratoxin structures from 1YI5, 1CTX, and 2CTX were used as templates for virtual screening, and the 1YI5 bound region on chain C was used to validate the template of Cbtx as it is the only crystal structure of the complex between Cbtx (chain F-J) and AChBP (chain A-E). Chain H from the crystal structure was selected as the representative Cbtx because it was the most complete among the 5 Cbtx chains in the crystal structure. The Arg68 side chain of chain H was missing in the crystal structure. SwissPDBViewer was used to reconstruct the missing atoms in the side chain in a reasonable conformation. The rebuilt Arg68 side chain conformation was the same as in the 1CTX and 2CTX structures. Ser182-Tyr192 of chain C was selected to be the positive control to validate the Cbtx binding site for docking because it is a contiguous peptide near the acetylcholine binding site. Nine side chain rotatable bonds in the peptide were allowed to rotate in the redocking to validate the prepared α-cobratoxin active binding sites (Fig. 2) . The result shows that 100% of the docked conformations grouped into a single cluster using an RMSD clustering tolerance of 2.0 Å, and the docked orientation is close to that of the crystal structure with an RMSD of 1.1020 Å. The redocking result indicated that the prepared Cbtx protein is a good model for docking studies of the NCI diversity set of 1900 compounds. The docking result between the control peptide in 1YI5 was almost the same as 2CTX (RMSD = 0.311 Å) but a little different in 1CTX (RMSD = 0.617 Å), but they were both located in the binding site (Fig. 2) . For virtual screening, after each of 100 docking runs per compound, the conformations that had the lowest docked energy of binding to each Cbtx (1YI5, 1CTX, and 2CTX) were clustered and ranked. Each cluster consisted of conformers that had similar 3D structures (RMSD < 2 Å). The top 175 compounds of each Cbtx with the energy cutoff at -8.72 kcal/mol were ranked. The lowest docking energies for 1YI5, 1CTX, and 2CTX were -13.86, -13.59, and -12.74, respectively, and the highest docking energies were -10.11, -10.12, and -9.52 for 1YI5, 1CTX, and 2CTX, respectively. Seventy-seven compounds matched the 3 Cbtx, but only 19 compounds with the lowest docking energy had a ligand efficiency of less than -0.30, adhering to Lipinski's rule of 5. For experimental testing, 20 additional compounds were included in the in vitro evaluation based on their good pharmacodynamic properties (low docking energy and high percent membership in the largest cluster). The total number of compounds in the binding study was 39 ( Table 1) . Although these hit compounds violated Lipinski's rule-of-5 criteria for pharmacokinetic purposes, these compounds could be modified later in terms of formulation and delivery system. The pharmacodynamic and pharmacokinetic consideration should be well balanced to increase the success rate. For instance, the 2 leads (NCI36387 and NCI134754) with good pharmacodynamic properties (binding energy < -11 kcal/mol) would have been missed upon the violation of Lipinski's rule-of-5.
Effect of hits on the binding of toxin
Thirty-nine compounds from virtual screening were further investigated for their binding capability. The radioligand competition assay was adapted to determine whether the hits interfered with the binding of toxin to the nicotinic acetylcholine receptor. Prior to the binding analysis, 10 µM of each compound was screened for its ability to compete or interfere with the binding of [ 3 H]epibatidine to the 3 AChBPs (Ls, Ac, and Bt), as measured by a scintillation proximity assay (Fig. 3) . Four hits (compounds 8, 10, 23, and 27) showed significant interference for the binding of [ 3 H]epibatidine to the binding proteins. These potential hits and their K d values were measured by competing with [ 3 H]epibatidine and [ 125 I]α-bungarotoxin ( Fig. 3) . Their chemical structures, NSC numbers, molecular weights, LE, binding energies, and K d values are listed in Tables 2 and 3. A measured fraction greater than 1.0 is possibly due to a variation in number of AChBP molecules binding to the beads.
In the assay, the 4 hits competitively displaced the antagonist ([ 125 I]α-bungarotoxin) and the agonist ([ 3 H]epibatidine) from their mutually exclusive binding sites on Lymnaea, Aplysia, and Bulinus AChBPs, with the concentrations from micromolar to nanomolar ( Fig. 3 and Table 3 ). The compound that binds more strongly to the binding proteins has a lower K d value. On [ 3 H]epibatidine, NSC36387 (compound 8) was the most potent for binding with Ls and Bt, whereas NSC121865 (Fig. 3) , that the activity for interfering with [ 3 H]epibatidine and [ 125 I]α-bungarotoxin for NSC121865 was better than NSC42258 (compound 10) and NSC134754 (compound 27), respectively. AutoDock4.1 results showed that 4 hits docked with AChBP better than Cbtx. NSC121865 was the most potent lead compound, with its mechanism of action either being competition or interference of the toxin's ability to bind to the acetylcholine receptor. Compounds NSC42258 and NSC121865 are more drug like because each has a molecular weight less than 500, log P less than 5, and less than 5 rotatable bonds (i.e., they each obey Lipinski's rules). LE 24 is calculated by using binding free energy (∆G) and number of heavy atoms (HA), LE = ∆G/HA. Compound NSC42258 had 65% clustering in the lowest energy dockings with a good LE value of -0.38. Compound NSC121865 had 72% clustering in the lowest energy dockings, with a good LE value of -0.33. The dockings of the 3 hits clustered by similarity of 3D structures (RMSD < 2 Å) and their interactions with amino acid residues of Cbtx are shown in Figure 4 . The active binding site of Cbtx is occupied between loop I and II in the presence of the hits, and consequently, the Cbtx cannot bind to the acetylcholine receptor.
Effect of hits against α-cobratoxin
An in vivo test was carried out to investigate the effect of the 3 compound hits against Cbtx. The LD 50 of Cbtx was determined. Cbtx is very potent, with an LD 50 of 0.175 mg/kg (IM). The dose of Cbtx used in the experiment was 3LD 50 instead of 4LD 50 because Cbtx has a narrow therapeutic window. The toxic doses of the 3 hits were not determined due to their limited available quantity. However, the acute toxicity test of the 3 hits was conducted, and all mice survived after 24 h at the 10-mg/kg dose (IV bolus). All mice were observed for 1 more week and found to be normal. When the hit compounds were injected (IV) 30 min before Cbtx (3LD 50 ) (IM), the survival time was prolonged significantly. The results show that all hits can prolong the survival time of the mice ( Table 4 ). The hits at 10 mg/kg could not prolong the survival time of the mice more than the hits at 5 mg/kg (data not shown). Dixon's Q test was used to discard the outliers from the data. 28 The Q exp values of the highest numbers (> 24 h and 111 min) at 5 mg/kg (NSC42298 and NSC121865) were higher than Q crit (95% confidence level [CL]). Therefore, these 2 numbers were discarded as outliers. For antitoxin activity, the hits at 5 mg/kg could protect the mice from the Cbtx when they were injected after the Cbtx ( Table 4 ). The survival time was 45.2 ± 5.2 and 53.7 ± 15.6 min for NSC121865 and NSC134754, respectively. The survival time between NSC121865 and NSC134754 was not significantly different. Three hits could prolong the survival time of the mice if injected 30 min before injection with Cbtx. Two hits (NSC121865 and NSC134754) prolonged the survival time of the mice when Cbtx was injected before injection of hits. NSC121865 is the most promising candidate as it has both protection activity and antitoxin activity. This experiment supported the in vitro and in silico results. 
CONCLUSIONS
Virtual screening is increasingly gaining acceptance in the pharmaceutical industry as a cost-effective and timely strategy for analyzing very large chemical data sets for potential interactions with therapeutic targets. Although the number of therapeutic targets that have been fully characterized by crystallography is currently limited, this situation is changing significantly as structural genomics initiatives begin to yield fruit. Accordingly, the work involved to validate all these potential targets, to demonstrate their therapeutic relevance, and to find effective ligands will become more dependent on the new high-throughput screening technologies. Molecular docking was used to investigate the binding of more than 1990 compounds to α-cobratoxin. . 4. (A, B) The docked orientations of NSC42258 (turquoise/light gray), NSC121865 (light green /off white), NSC134754 (purple /black), and control peptide (purple /dark gray). The clusters of docked hits in the same 3D structure (RMSD of 2 Å), docking energy (kcal/mol), and the amino acid residues of α-cobratoxin interaction with the 3 hits are shown. This procedure is computationally intensive for analyzing a large database but provides the most detailed basis for determining which compounds are likely to be potent ligands. NSC121865 showed good competitive activity in interfering with the binding of [ 3 H]epibatidine or [ 125 I]α-bungarotoxin to the 3 AChBPs. Three hits (NSC42258, NSC121865, and NSC134754) have been shown to prolong the survival time of the mice if injected 30 min prior to injection with Cbtx, and 2 of these, NSC121865 and NSC134754, have been shown to prolong the survival time if injected immediately after injection with Cbtx. The mechanism of action is either a competition with or interference of the toxin's ability to bind to the acetylcholine receptor caused by the compound binding to either the binding protein or the Cbtx. In clinical applications, NSC121865 (compound 23) would be a very useful potential lead in the development of a new treatment for snakebite victims.
